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Abstract 
This article examines about a possibility of the damage assessment of truss diagonal members by using local higher 
modes. Firstly, the local vibration characteristics of diagonal member were analyzed by FEM eigenvalue analysis. 
Through the analysis, the natural modes of the diagonal member were classified roughly as bending modes of 
in-plane and out-plane direction of the truss, torsional modes and plate modes of the flange and web. The mode 
dependence of frequency changes caused by a damage in the diagonal member was also confirmed in the analysis 
with the damage model. Secondly, healthy and corroded diagonal members with same specifications were examined 
by the hammering test on site. As a result, it was concluded that the decreases in the natural frequencies of higher 
modes are prominent enough to assess the corrosion. 
© 2011 Published by Elsevier Ltd.  
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1. INTRODUCTION 
Recently, serious damage accidents have occurred one after another. The I-35W bridge collapsed in 
Minneapolis, the U.S., and a diagonal member was broken in the Kisogawa bridge and the Honjo bridge 
in Japan. It could be said that the establishment of effective maintenance technology for steel truss 
bridges is urgently required. A structural health monitoring method based on vibration characteristics 
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change attracts attention as a technology to supplement visual inspection, which requires a great deal of 
labor and experience, and has been studied by various researchers (for example, Doebling, et al., 1996; 
Siringoringo and Fujino, 2008; Wenzel, 2009). 
This study examines about a possibility of the damage assessment of truss diagonal members by using 
local higher modes which are excited by hammering test on site. Firstly, the local vibration characteristics 
of diagonal member were analyzed by FEM eigenvalue analysis. Secondly, healthy and corroded 
diagonal members with same specifications were examined by the hammering test in the 43 years old 
truss bridge. 
2. OUTLINE OF THE STUDIED BRIDGE 
As shown in Figure 1, the bridge under study is five simple warren through type trusses with a span 
length of 70.77m, which has been in service since 1965. As for the diagonal members, the tension 
members are made of H-section, while the compression members are made of box section. It should be 
noted that some of the D1 diagonal members near the supports were corroded. The cause of the corrosion 
is supposed to be due to splashing of mud and salt contained water at a time when large-size vehicles 
passing the expansion joints. 
Figure 1: General view of studied bridge 
3. LOCAL VIBRATION CHALACTERISTICS BY FE ANALYSIS 
3.1. FE modeling of the diagonal member 
Before examining the damage assessment method for a diagonal member based on the local vibration, 
the local vibration characteristics of diagonal member are studied by FEM eigenvalue analysis. The 
analyzed member is a D1 diagonal member in which a remarkable corrosion was observed at the 
hammering test. Figure 2 shows the FE models of the D1 member for the cases of different conditions. 
The member is modeled with shell elements, and subdivided into 8 in the width direction of flange and 
web. The gusset is modeled with rigid bar elements gathered at one end, all the degrees of freedom of 
which is completely restricted as show in Figure 2. 
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3.2. Local mode characteristics 
Figure 3 shows the major mode shapes of the D1 member in a healthy condition obtained by the 
analysis. The natural modes of the diagonal member are classified roughly into three types, namely 
bending mode of in-plane or out-of-plane direction of the truss, torsional mode and plate mode of the 
flange and web. It is understood from the figure that the higher modes are more complicated in their 
shapes and could be more significantly affected by local damage. 
For the theoretical grasp of frequency changes caused by the diagonal member is local damage, the 
analyses of two damaged cases were next carried out. The damaged cases are analyzed those which 
model the corrosion and the crack in the flange near the gusset plate. The residual thickness of the 
corroded flange plate was assumed 4mm for the 8mm thickness in the healthy condition in the same range 
as the actual corrosion. Figure 4 shows the comparison of natural frequency distributions between the 
healthy and corroded cases. Although the natural frequencies up to 140Hz are not significantly changed 
by the corrosion, the remarkable decreases in frequency are recognized in the torsional modes and plate 
modes with the higher frequencies. 
Figure 2: FE model and analysis case of D1 diagonal member 
Figure 3: Major mode shapes of the healthy D1 member 
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Figure 4: Comparison of frequency distribution between healthy and corroded cases 
3.3. Possible frequency changes 
Figures 5 and 6 show analytically obtained frequency changes caused by the corrosion and the crack in 
the flange respectively. The corrosion causes the frequency decrease of more than 3Hz in the higher 
torsional modes as well as plate modes, while the frequency changes in the crack case are small in the 
higher modes in comparison with the corrosion case. However, the changes of in-plane bending modes 
are comparatively large, and the frequencies of in-plane asymmetric modes fall particularly around 2Hz. 
Therefore, it is concluded that there is a mode dependence of frequency decrease caused by the local 
damage of diagonal member. 
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Figure 5: Possible frequency changes by corrosion in flange 
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Figure 6: Possible frequency changes by crack in flange 
4. DAMAGE ASSESSMENT BY HAMMERING TEST 
4.1. Hammering test condition 
Photo 1 shows some examples of the D1 diagonal members for the hammering test. The three 
corroded D1 members and two healthy D1 members with same specifications are the test subjects. Figure 
8 shows the system of the hammering test. A 3-axis piezoelectric accelerometer was installed in the 
flange near the 1/4 point of the diagonal member. The web center was knocked by the impulse hammer, 
and the accelerations in three directions were measured. The sampling frequency was 1000Hz. One 
diagonal member was tested for two times. 
     (a) Healthy : S1-D1u                (b) Corroded : S1-D1l               (c) Corroded : S4-D1l 
Figure 7: Examples of diagonal members for hammering test 
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Figure 8: System of hammering test 
3124  T. Yoshioka et al. / Procedia Engineering 14 (2011) 3119–3126
4.2. Results of hammering test 
Figure 9 shows the Fourier spectrum by FFT using the measured acceleration data in the truss in-plane 
direction in the 1st span. The data length of acceleration was 8.192 second after the knock by the hammer. 
In the corroded diagonal members, the frequency decreases are confirmed in the higher modes with the 
frequencies larger than 120Hz.  
Figure 10 show the time series of acceleration and the corresponding running spectrum by Short-Time 
Fourier Transform (STFT). The window width was 1.0 second in the STFT, and the moving time step 
was 0.02 second. According to the running spectrum, the decrement characteristics of the wave pattern of 
the corroded D1 member are slightly smaller than the healthy D1 member. The modal components of 
near 104Hz and 127Hz are dominant, and there are modes which are dominant 0.5 second after the knock 
like the mode of 166Hz in the healthy D1 member. 
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Figure 9: Comparison of Fourier spectrums 
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Figure 10: Comparison of time series and running spectrum of acceleration 
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4.3. Identified frequency changes by hammering test 
The Eigensystem Realization Algorithm (ERA) (Juang and Pappa, 1985) was applied to the 
acceleration data of the truss in-plane direction in order to quantitatively discuss frequency changes. The 
input of ERA was the free vibration record for 5 seconds after the knock. The system order in the ERA 
analysis was 100, and the Hankel matrix size was 3000 x 2000. Among the modes identified by the ERA, 
those which satisfy the corresponding Modal Amplitude Coherence (MAC) (Ewins, 1985) more than 0.9 
and the modal damping ratio from 0 to 0.05 are extracted, and the stability of identification was 
confirmed by the stabilization diagram. 
Figure 11 shows the frequency differences between the healthy and corroded D1 members for the 
modes identified by the ERA. The frequencies of two corroded diagonal members from this figure are 
smaller than healthy diagonal member both in the frequency range than 100Hz. In addition, the frequency 
decreases are up to 2Hz or 3Hz. This frequency decreases in the higher modes qualitatively matches with 
the results of the FE analysis. 
Figure 11: Experimental frequency difference between healthy and corroded members: (a) 1st span; (b) 4th span 
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Table 1 shows the frequency decreasing rate, calculated by Equation (1), between healthy and 
corroded D1 members. 
2 1
1 1
N
i i
i i
f f
Decreaing rate N
f 
§ · ¨ ¸
© ¹
¦  1, 2, ,i N  (1)
where 1 2,i if f  are identified frequencies of two test data compared, i  is identified mode number, 
N  is maximum value of identified mode number. The decreasing rate is shown to separate in a range of 
0-200Hz and a range of 100-200Hz. 
Two times of hammering test are performed for one diagonal member. The decreasing rate of the first 
and the second is 1.0 all of case, and it could be confirmed the repeatability of hammering test. There is 
difference of temperature 8oC by the examination of 2008 and 2009, and the decreasing rate at that case 
is 0.994-0.995. The decreasing rate of two corroded diagonal members is 0.987-0.991 more than the 
values by the temperature change. This result suggests that the focus of frequency changes in higher 
number local modes can assess corrosion in a diagonal member. 
Table 1: Experimental decreasing rate between healthy and corroded members 
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5. CONCLUDIONS 
This paper examines a possibility of damage assessment for diagonal members in truss bridges by 
using local higher modes. The mode dependence of frequency changes caused by damage in the diagonal 
member is confirmed using FEM analysis. The frequency decreases of higher modes by hammering test 
qualitatively matches with the result of FE analysis. Therefore, it could be concluded that a damage can 
be assessed by hammering test and based on frequency changes in higher number local modes. 
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